According to the low temperature and high effective bonding problem of microdevices made of degradable polymer PLGA, chemical, plasma, and UV irradiation method are used to study the experimental surface treatment of PLGA films and microdevices bonding process. The results show that all three methods can reduce the surface contact angle of PLGA films, the contact angle increases with time at room temperature, and the PLGA films contact angle is almost unchanged under refrigeration. The PLGA film bonding temperature is significantly reduced after UV irradiation, and the bonding interfaces also generate diffusion cross linking layer are dense and uniform.
Introduction
Copolymer poly(lactic-co-glycolic acid) (PLGA) is formed by the polymerization of lactic acid and glycolic acid, and it has many advantages, for example, excellent biocompatibility, biodegradability, lack of toxicity, and good thermoplasticity. PLGA has been approved to be used in pharmaceutical products or medical devices by the United States Food and Drug Administration (US FDA) and is widely used in pharmaceutical, medical engineering, and the modern industrial field [1] [2] [3] [4] . Compared to traditional oral and injection drug delivery, the multicavity implantable controlledrelease drug delivery system (MIDDS) made of PLGA can relieve the suffering of the patients and improve the treatment effect dramatically because of its targeted releasing, rate controlling, large amount drug delivering, and long period releasing [5] [6] [7] . Shown in Figure 1 , the micro MIDDS made of PLGA with only 200 m minimum structure width is combined by bonding PLGA microstructures and films, and the parts are both fabricated by MEMS technologies. Thus the bonding quality between the microstructure and the film is the key factor to achieve MIDDS predefined functions. If the macromolecular drugs are filled into MIDDS, such as polypeptides and enzymes, because the losing activity temperature of the drug is usually between 40 and 70 ∘ C, high adhesive bonding or joining techniques cannot be employed. Therefore, drug delivery systems for PLGA micro-bonding technology to connect low temperature needs to be studied.
According to polymer bonding theory, the bonding process is divided into two steps: adsorption and diffusion. Polymer interface needs to have good adsorption capacity, in order to protect the well-bonded prerequisite. Interface adsorption performance is directly related to its surface free energy: the surface free energy increases in correlation with the adsorption capacity of the interface. Many scholars have studied the polymethyl methacrylate (PMMA) bonding process after surface treatment of polymer; there are also some studies about PLGA material surface treatment processes. For example, after surface treatment of the PMMA and the resin (COC) sample by UV/ozone irradiation, Tsao and his colleagues obtained bonding results of the PMMA and COC substrate by thermocompression bonding process at lower temperatures [8] . Khorasani and his colleagues performed surface treatment of PLLA and PLGA samples in an oxygen atmosphere using radio frequency (RF) plasma technology, and it was found that the process can greatly improve the surface energy of the polymer material [9] . Inagaki and his colleagues did surface modification of PLA film surface by Ar-plasma, and they found the Ar-plasma treatment did not lead to hydrophilic modification of the PLA film surface [10] . At 20 Pa oxygen atmosphere and 50 W, 13.56 MHz glow discharge conditions, Shen made a PLGA material plasma treatment that enhanced the success rate of PLGA grafted with collagen and improved the PLGA compatibility in vivo ultimately [11] . Jacobs and his colleagues used the medium pressure plasma treatment of PLA to investigate its surface modification, and water contact angle measurements showed an increased hydrophilic character of the foil surface after plasma treatment [12] . De Geyter and his colleagues employed dielectric barrier discharge operating in different atmospheres (air, nitrogen, helium and argon) and at medium pressure to modify the surface properties of PLA, the results showed that the discharge gas can have a significant influence on the chemical composition of the PLA surfaces [13] . Other researchers did many works about PLGA/PLA surface treatment or modification, and they found the biocompatibility and thermal stability improvement or mechanical properties changes [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
In this research, the highly efficient and low temperature thermocompression bonding process is proposed by increasing the surface energy of PLGA. Chemical, plasma, and UV irradiation methods are used to modify the surface character of PLGA films, which aims to improve the face energy and surface hydrophilicity, lower the bonding temperature and processing conditions, and optimize the bonding strength and interface morphology.
Experimental Methods
Poly(lactide-co-glycolide) (PLGA) was purchased from Lactel International Absorbable Polymers (Pelham, AL, USA), with lactide : glycolide = 50 : 50, inherent viscosity range: 0.55-0.75 dL/g, specific gravity: 1.34 g/ml, modulus: 2 × 10 5 psi −4 × 10 5 psi, and amorphous melting point and glass transition temperature: 40-50 ∘ C. The granular PLGA materials are embossed to 400 m films at 70 ∘ C using a selfmade hot embossing machine.
The most convenient method to assess the treatment effects is to measure the contact angle. Since the material has a small surface contact angle, it also has a higher surface free energy and an improved surface hydrophilicity. This surface contact angle is measured using deionized water as the reference fluid.
Chemical Treatment.
PLGA films are separated into 7 groups, with 5 films for each, immersed in 2% NaOH solution for surface hydrolysis for 0 min, 5 min, 10 min, 20 min, 40 min, 60 min, and 80 min, respectively, and then washed by deionized water. Their surface contact angles are measured using a contact angle instrument after drying in fluid nitrogen at room temperature.
Plasma Treatments.
The Plasma-Enhanced CVD system produced by Japan SANKEN is used in plasma treatment at the power of 50 W and vacuum degree of 20 Pa, with the oxygen as the reactive gas. The processes are as follows: PLGA films are placed beneath the electrode in the cavity; the vacuum degree is reduced to 10 Pa and then maintained at 20 Pa after filling with oxygen. The glow discharge plasma treatment could be proceeding between two electrodes by enabling the 50 W power, 13.56 MHz alternating current according to the predetermined time. For another 10 min, the films are taken out for measurement.
UV Irradiation
Treatment. 126 nm and 172 nm UV are used to handle PLGA films, and the excimer UV lamp is provided by China Jiangsu Youwei Optoelectronics Co., Ltd. Irradiation light is 70 W, boot time <1 s, illuminated object temperature <40 ∘ C, and AC power is 220 V/50 Hz. In the experiment, PLGA films are placed below the excimer UV lamp first, then after completing predetermined time irradiation the films are removed for measurement.
Measurement and Assessment.
Contact angle measurement: Contact Angle Meter (Type OCA20) produced by Germany Dataphysics is used to measure the contact angle by sessile drop method and deionized water as the reference solution. The results are recorded by the equipment automatically.
Bonding strength measurement: the tension test is performed by America Electron-Tensile Tester (Type 1095), and the tensile rate is 1 mm/min.
Interface morphology measurement: the films are observed by Japan Olympus microscope (Type SZX16). and PLGA film surface contact angle drops from 70 ∘ to 52 ∘ after 60 minutes. Figure 3 shows the Plasma treatment results of the PLGA film, where the -axis represents time of plasma treatment and the -axis represents the value of the contact angle. From the figure we can observe the following: plasma treatment reduces the surface contact angle of the PLGA film; PLGA film surface contact angle drops from 70 ∘ to 35 ∘ after 5 minutes; PLGA film surface contact angle drops from 70 ∘ to 25 ∘ after 10 minutes; PLGA film contact angle decreases to 15
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∘ after 30 minutes. The Figure 3 is similar to [13] results, and [13] employed the oxygen plasma treated PLGA film. treatment; -axis represents the value of the contact angle;
UV Irradiation Treatment Result.
symbol represents the result of 172nm excimer ultraviolet light irradiation; symbol represents the result of 126nm excimer UV ligh irradiation. From the figure we can observe the following: UV irradiation treatment reduces the surface contact angle of the PLGA film; PLGA film surface contact angle drops from 70 ∘ to 10 ∘ after about 50 seconds; PLGA film contact angle change curves after 126 nm and 172 nm excimer ultraviolet radiation have similar rules.
The Ageing Effect of Surface Treatment
Result. The longchain molecules of the polymer surface are broken into short-chain molecules after plasma and UV treatment, which produce many hydrophilic groups increasing the surface hydrophilicity, surface energy, and adhesiveness. But this effect may fade away over time due to its instability, which is called the ageing effect of surface treatment. In order to investigate the ageing effect of PLGA surface treatment, the specimens after plasma and UV irradiation treatment are placed in room temperature (20) (21) (22) (23) (24) (25) ∘ C) and refrigerator temperature (4-6 ∘ C), respectively; the storage humidity is about 40%, and the contact angle curves are obtained. Thus, the ageing effect of different treatments is obtained, and the influence of temperature on ageing is also a preliminary understanding. Figure 5 shows contact angle ageing results of PLGA film after two kinds of surface treatment, where the -axis represents the keep time after two kinds of surface treatment; -axis represents the value of the contact angle; ◼ symbol represents the contact angle kept at room temperature after plasma treatment; ◻ symbol represents the contact angle kept at room temperature after UV irradiation; symbol represents the contact angle kept at freezer temperature after plasma treatment; symbol represents the contact angle kept at freezer temperature after UV irradiation. From the figure we can analyze the following conclusions. At room temperature, the two kinds of the surface-treated PLGA film surface contact angle continuously increase with time. The reason for this result is that PLGA film surface has a large number of polar groups after treatment, which results in the film surface retaining high energy and becomes very unstable state. The substance of the energy is lower when the system is more stable, so the PLGA film surface contact angle increases. It will reduce the energy to the lowest point, in order to maintain the stability of the system.
At room temperature, the contact angle of PLGA film after the UV irradiation treatment changes quickly: the contact angle increases to 2 times the original after 1 day, increases to 3 times the original after 3 days, and subsequently increases to 5 times the original after 6 days. But, at the same room temperature, the contact angle of PLGA film linearly increases only 1 time after 10 days. It is mainly due to: the ultraviolet irradiation mechanism is that PLGA long chain is interrupted by high energy photon and becomes short chain; during storage at room temperature, short-chain dynamics regroup which results in the PLGA film surface contact angle increase. However, the contact angle of PLGA film after plasma treatment change, not only have a short chain, but the air particles are ionized oxygen, nitrogen, and the surface of particles and the like polar groups react, polar surface groups turn inward resulting aging resistance. After plasma treatment, the surface of the PLGA film not only has short chain, but also has polar groups that react by ionized oxygen, nitrogen, and the particles of surface. Material surface polar groups turn inward causing ageing effect. Therefore these two approaches obtained different change rates of contact angle. From the data, the polar group turning inward is slower than the dynamic reorganization of the molecular chain; it also can be obtained from Figure 5 , relative to the total change, that the contact angle change is not large at room temperature within 1 day. The contact angles changed little when kept in the freezer, which shows that the low temperature environment is a good way to preserve the films to be bonded. The degradation property of polymers may also vary due to the long-chains being broken. But short term surface treatment will not influence the overall degradation performance due to the bulk degradation character of PLGA. Compared to the literatures study, there are also some results similar to ours. For example, Prasertsung and his colleagues did the similar research with this paper, and they studied the water contact angle of oxygen plasmatreated PLGA films after ageing at different ageing times and temperatures. They found that the films aged at high storage temperature (20 ∘ C, 50 ∘ C) exhibited a faster recovery of contact angle compared to that at low storage temperature (5 ∘ C) [24] . Figure 6 shows bonding strength and temperature comparison chart of the PLGA film. Where -axis represents the bonding temperature; -axis represents the tensile breaking strength of the bonding; base line means the minimum strength value required to achieve bonding; X symbol represents the tensile breaking strength after surface treatment; symbol represents the tensile breaking strength without surface treatment. From this figure we can obtain the following conclusions: when reaching the same bonding strength, the bonding temperature after treatment is 20 ∘ C lower than without treatment; and the satisfying bonding strength which surpasses the base line is obtained at about 45 ∘ C. This shows that the bonding temperature is truly lowered by surface treatment and modification.
Effects on Bonding
Changes of Interface Morphology.
After being removed off the new structure by bonding, the morphology of the bonding interface is a good indication of the bonding effect. When the tear interface is relatively smooth, this indicates that it do not produce an effective bonding. When the tear interface is very rough, with lots of ravines and glitches, then the bond is effective. Figure 7 is enlarged 20 times showing the effects of PLGA microstructure interface morphology photographs of bonding, where (a) is microstructure interface morphology photograph before bonding; (b1) is tearing interface 1 morphology photograph without treatment bonding at 65 ∘ C; (b2) is tearing interface 2 morphology photograph without treatment bonding at 65 ∘ C; (c1) is tearing interface 1 morphology photograph after UV treatment bonding at 45
International Journal of Polymer Science (c2) is tearing interface 2 morphology photograph after UV treatment bonding at 45 ∘ C. From Figure 7 , we can obtain the following results: Prior to bonding, PLGA has smooth interface; after bonding, the tear PLGA presents many broken gullies and different interfaces; in the thermo compression bonding process, the bonding interface does occur the molecular adsorption, diffusion and crosslinking. The maximum stress of tearing before treatment at 65 ∘ C and ones after UV treatment at 45 ∘ C are nearly the same (Figure 6 ). But the ravines and burrs of UV treatment (Figures 7(b1) and 7(b2) ) are much denser and uniformly distributed compared to the ones without treatment (Figures 7(c1) and 7(c2) ). This phenomenon coincides with the surface long-chains being broken by UV irradiation. In summation, the UV irradiation for PLGA films will not only lessen the bonding process requirements, but also optimize the bonding interface to create a dense and uniformly diffusive layer.
Conclusions
Chemical, plasma, and UV irradiation treatments can reduce the surface contact angle of PLGA, and the latter is better. After processing of the ion and the ultraviolet irradiation, PLGA film surface contact angle increases with time at room temperature, but the change is little within one day. Refrigeration preserved PLGA film surface contact angle changes a little. If the material bonding operation cannot be carried out immediately after surface treatment, it should be kept in a low temperature environment. The PLGA film surface after UV irradiation can reach ideal hot bonding strength at about 45 ∘ C, and UV irradiation treatment process significantly reduces the temperature of the bonding. PLGA film after the UV irradiation treatment can not only reduce the microstructure of the thermo compression bonding process condition, but also be able to optimize the morphology of the coupling interface. In addition, the process can generate a uniform and dense layer as possible diffusion of cross-linking coupling layer between the bonding interfaces.
